The role of the central neuropeptide pigment-dispersing factor (PDF) in circadian timekeeping in Drosophila is remarkably similar to that of vasoactive intestinal peptide (VIP) in mammals. Like VIP, PDF is expressed outside the circadian network by neurons innervating the gut, but the function and mode of action of this PDF have not been characterized. Here we investigate the visceral roles of PDF by adapting cellular and physiological methods to the study of visceral responses to PDF signaling in wild-type and mutant genetic backgrounds. We find that intestinal PDF acts at a distance on the renal system, where it regulates ureter contractions. We show that PdfR, PDF's established receptor, is expressed by the muscles of the excretory system, and present evidence that PdfR-induced cAMP increases underlie the myotropic effects of PDF. These findings extend the similarities between PDF and VIP beyond their shared central role as circadian regulators, and uncover an unexpected endocrine mode of myotropic action for an intestinal neuropeptide on the renal system. intestine | tubule | enteric | nervous system
The role of the central neuropeptide pigment-dispersing factor (PDF) in circadian timekeeping in Drosophila is remarkably similar to that of vasoactive intestinal peptide (VIP) in mammals. Like VIP, PDF is expressed outside the circadian network by neurons innervating the gut, but the function and mode of action of this PDF have not been characterized. Here we investigate the visceral roles of PDF by adapting cellular and physiological methods to the study of visceral responses to PDF signaling in wild-type and mutant genetic backgrounds. We find that intestinal PDF acts at a distance on the renal system, where it regulates ureter contractions. We show that PdfR, PDF's established receptor, is expressed by the muscles of the excretory system, and present evidence that PdfR-induced cAMP increases underlie the myotropic effects of PDF. These findings extend the similarities between PDF and VIP beyond their shared central role as circadian regulators, and uncover an unexpected endocrine mode of myotropic action for an intestinal neuropeptide on the renal system. intestine | tubule | enteric | nervous system T he gastrointestinal tract is an important signaling center that, through its production of systemic or neural signals, can have profound effects on other organs (1, 2) . In some cases, the nature of these signals and their modes of action are beginning to be elucidated; for example, postprandial release of cholecystochinin hormone from the duodenum has been shown to reduce appetite through its action on the vagus nerve, and intestinal glucagon-like peptide 1 can regulate pancreatic insulin secretion in response to glucose intake (1, 3) . However, the contribution of intestinal signals to the maintenance of homeostasis is likely to involve many more molecules and target tissues, as highlighted by our incomplete understanding of the amelioration of diabetes and hypertension resulting from bariatric surgery, or the contribution of deregulated intestinal signaling to conditions such as diabetes and obesity (1, 2) .
Several mammalian families of hormones are conserved in insects (4, 5) , some of which are present in the digestive tract, where they are produced by endocrine cells of the gut epithelium or by neurons innervating the gut (6, 7) . Previous work has revealed myotropic effects for some of these peptides on explanted viscera (5, (7) (8) (9) . These studies have typically made use of large insects that, although amenable to physiological study, cannot be easily manipulated genetically. This difficulty has precluded further investigation of the specific sites of release and cellular modes of action of these peptides.
Vasoactive intestinal polypeptide (VIP) is a 28-aa peptide hormone produced in many areas of the human body, including the brain and digestive tract (3, 10) . VIP signals through two G protein-coupled receptors (GPCRs), VPAC1 and VPAC2, which are also widely expressed in the CNS and the smooth muscles of the digestive and urogenital tracts (11, 12) . Genetic experiments have uncovered a broad range of functions for VIP and its receptors, including the regulation of smooth-muscle contraction in the digestive and excretory systems and an important role in circadian timekeeping in the suprachiasmatic nuclei of the hypothalamus (3, 10, 12) . This latter function is strikingly similar to that of the 18-aa pigment-dispersing factor (PDF) in the Drosophila brain (13) ; the loss of PDF in flies and VIP in mice results in the inability to maintain strong, normally paced locomotor rhythms (14, 15) , and both peptides mediate communication between neurons of the circadian clock network (16) (17) (18) (19) (20) . These similarities are molecular as well as functional; VPAC2 and PdfR, the PDF receptor in flies, are both type II secretin-like receptors (21) (22) (23) . The peripheral roles of Drosophila PDF and its receptor have not been investigated.
Here we investigate the visceral functions of PDF in Drosophila. By revealing a myotropic function for PDF and PdfR in the regulation of renal musculature, we uncover an endocrine mode of action for PDF and identify further similarities between PDF and mammalian VIP beyond the circadian clock. More generally, our findings point to an unexpected endocrine function for a gut-derived peptide in the regulation of renal function.
Results
Central Efferent PDF Neurons Innervate the Intestine of Drosophila Larvae and Adults. As part of our ongoing characterization of the signals exchanged between the nervous and digestive system in Drosophila (24), we turned our attention to the PDF neurites of the digestive tract, which project from neuronal cell bodies previously described for both the blowfly and Drosophila (7), but whose visceral targets have not been reported for adult Drosophila in detail (25) . In addition to the expression of PDF by brain clock neurons, PDF is expressed by neurons in the ventral nerve cord (VNC) (25, 26 ) that do not express clock genes (7, 20) . Expression analyses using a PDF-GAL4 reporter and an antibody against the PDF propeptide confirmed these previous reports, and revealed that the number of PDF + efferent neurons is variable and age-dependent. Of the six to eight PDF + neurons in the posterior abdominal segments of the larval VNC (Fig. 1A) , four to eight persist in adults (Fig. 1B) , wherein two populations of PDF + neurons are apparent: three to four cell bodies that strongly express PDF, and one to four additional neurons displaying weak PDF expression (Fig. 1E) . In young adults (<1 wk old), we find 3.6 ± 0.5 strongly expressing PDF neurons and 2.8± 2.3 weak ones. In older adults (>2 wk old), 3.9 ± 0.4 strongly expressing and only 0.9 ± 1.4 weakly expressing neurons are apparent.
The size and position of the abdominal PDF (ab-PDF) neurons were reminiscent of the gut-innervating MP1 and dMP2 neurons, which express the transcription factor Odd-skipped (27, 28) . An anti-Odd-skipped antibody confirmed that the ab-PDF neurons are the MP1 and dMP2 neurons of segments A8 and A9 (Fig. 1D) . Analysis of adult ab-PDF axons revealed visceral innervation similar to that of the blowfly (25) . Ab-PDF neurons form two nerves that reach the posterior hindgut and extend aborally to orally along the sides of the hindgut in larvae ( Fig. 1 C  and F) . PDF + varicosities are apparent throughout the length of these fibers. In adults, the two PDF + nerves form complex arbors that populate the posterior midgut and anterior hindgut ( Fig. 1 C and H-J). A subset of PDF neurites branch off from these main fibers to project to the rectum (Fig. 1 C, G, and K) . Besides the CNS and digestive tract, no PDF immunoreactivity was apparent in other adult tissues. Absence of innervation of the renal tubules ( Fig. 1I ) was further confirmed using transmission electron microscopy ( Fig. 1C and Fig. S1 ). Thus, the only visceral site of PDF innervation is the posterior intestine, which is supplied by the central neurosecretory MP1 and dMP2 lineages.
PDF Induces Ureter Contractions but Has No Acute Effects on
Intestinal Motility. The intestinal innervation of the ab-PDF neurons prompted us to investigate if PDF modulates visceral contractions. We adapted the ex vivo motility assays used in larger insects to quantify contractions in the smaller adult viscera of Drosophila (Fig. S2) , and asked if PDF caused changes in visceral contraction. Under our initial experimental conditions, viscera from wild-type Canton S flies displayed low basal contraction rates (Fig. 2D, Fig. S3A , and Movies S1 and S2), and a range of PDF concentrations resulted in no significant changes in midgut or hindgut contractions ( Fig. 2 A and B, and Fig. S3A ). Unexpectedly, PDF caused dose-dependent increases in ureter contraction rate ( Fig. 2 A and B, and Movie S3), a neighboring tissue not directly innervated by PDF neurons ( Fig. 1 C and I, and Fig. S1 ). In Drosophila, each set of renal tubules converge onto a muscular ureter, which controls the flow of urine to the gut ( Fig. 1 C and I) (29, 30) . For male ureters, PDF concentrations greater than 10 −9 M caused contraction rates that were significantly higher than those of vehicle controls ( Fig.  2A ). For females, PDF concentrations greater than 10 −8 M induced contraction rates that were significantly higher than vehicle controls (Fig. 2B) . The EC 50 of the PDF dose-response curve for ureter contraction rates was 2.406 × 10 −9 M PDF for males and 7.214 × 10 −9 M PDF for females. These experiments suggested that, although ab-PDF neurons innervate the digestive tract, PDF does not alter intestinal peristalsis, but rather stimulates ureter contraction. We repeated these experiments on viscera dissected from CO 2 anesthetized flies into room temperature hemolymph-like saline (HL3), to rule out chilling and the relatively high K + concentrations associated with the ice-cold Ringer's as the reason for the lack of PDF effects on the gut. This increased basal visceral contraction rates ( Fig. 2E and Fig.  S3B ), allowing us to test the ability of PDF to contract or relax the digestive tract. Under these conditions, PDF application neither increased nor reduced gut contraction rates ( Fig. S3B ) but significantly increased ureter contraction rates (Fig. 2C) . Thus, PDF has a specific myotropic effect on the renal system, suggesting an endocrine mode of action for the gut-innervating ab-PDF neurons.
PdfR Is Expressed in Ureter Muscles and Is Required for PDF's Effects on Ureters. In its role as a regulator of circadian locomotor rhythms, PDF signals through PdfR, a GPCR encoded by CG13758 (21-23). To test if PdfR is required for PDF's effects on ureters, we compared the PDF responses of adult viscera dissected from the wildtype w 1118 strain and the PdfR mutants PdfR 3369 and PdfR 5304 (21) . Ureters from w 1118 control flies displayed large increases in contraction rates when treated with 10 −7 M PDF. In contrast, neither PdfR mutant displayed increased ureter contraction rates in response to PDF (Fig. 2D ). This same pattern held true for w 1118 and PdfR 5304 ureters dissected under warm HL3 (Fig. 2E ). These results suggested that PdfR acts within the ureter to trigger PDF-induced contractions. We therefore mapped the visceral expression of PdfR using in situ hybridization, as antiPdfR sera are unsuitable for immunocytochemistry (31) . PdfR RNA is present in both larval and adult ureter circular muscles (Fig. 3 A, B, D , and E). Weaker expression in midgut and hindgut muscles could be observed in some, but not all, digestive tracts. These PdfR RNA signals were absent in PdfR 5304 mutants (Fig. 3  C and F) . We also compared PdfR RNA abundance relative to the housekeeping gene Rpl32 in distal renal tubules, ureters, and midguts using real-time PCR. Consistent with our in situ results, ureters expressed relatively high levels of PdfR RNA compared with distal renal tubules and midguts, although PdfR RNA expression was detectable in all three of these visceral tissues (Fig.  S4) . Thus, anatomical, molecular, and physiological evidence all indicate a role for PdfR acting in the ureter muscles to mediate the myotropic effects of PDF on the renal system. (K) PDF neurites on the rectal ampulla. In F-K, phalloidin is used to visualize the gut muscles. The images in A, B, F, and G were captured using a 10× objective; D, E, and H-K were captured using a 63× objective.
cAMP Increases Underlie the Visceral Effects of PDF. In central brain neurons, PdfR signals through increases in cAMP (23, 31) . To investigate if ureter muscles display cAMP increases in response to PDF, we conducted cAMP imaging using the FRET sensor Epac1-camps, which has been used in the brain to measure PDFinduced cAMP increases (31). Epac1-camps displays a loss of YFP/CFP FRET when cAMP levels rise (32) . We expressed UASEpac1-camps using Mef2-GAL4: an enhancer trap that reports the expression of myocyte enhancer factor 2, a transcription factor expressed by muscle cells (33) , resulting in sensor expression in the ureter musculature (Fig. S5) . The ratiometric nature of the sensor allowed for FRET measurements in moving ureters (Movies S4 and S5). Wild-type ureter muscles showed significant FRET loss in response to 10 −6 M PDF (Fig. 4 A, C, and D) , consistent with PDFinduced cAMP increases in the ureter muscles. At doses of 10 −7 M PDF, a concentration that consistently elicits ureter contractions ( Fig. 2 A and B) , only a subset of ureter muscles responded with significant FRET changes (Fig. 4B) . This discrepancy might reflect a limitation of the sensor whose affinity for cAMP must be high enough to respond to physiologically relevant cAMP concentrations, but low enough not to grossly interfere with cellular physiology and signaling. We next performed Epac1-camps imaging on the ureter muscles of PdfR
5304
;UAS-Epac1-camps/Mef2-GAL4 male flies. The muscles of PdfR 5304 mutant ureters did not respond to 10 −6 or 10 −7 M PDF (Fig. 4 E-H) . Thus, the cAMP response of the ureter muscles to PDF requires PdfR.
These results suggested that PDF affects ureter motility through cAMP increases. We asked if elevating cAMP would induce ureter contractions using forskolin (FSK), a direct activator of adenylate cyclases (34) . FSK application caused significant increases in ureter contractions (Fig. 2F) . Thus, increasing cAMP resulted in increased ureter contractions. FSK also caused significant increases in midgut contraction rates, but only in preparations dissected in warm HL3 buffer (Fig. S3C) . This finding is consistent with previous work finding that cAMP signaling stimulates gut contractions in Acheta (35) and indicates that dissected guts were capable of contraction, lending further support to the lack of myotropic effects of PDF on the gut.
These results indicate that PDF-triggered PdfR activation in ureters results in cAMP increases, and support a model in which PdfR signaling in ureter muscles induces contractions through cAMP increases.
PdfR Expression in the Visceral Muscles of PdfR Mutants Rescues PDF-
Induced Renal Motility. We next asked if PDF responsiveness could be conferred on PdfR 5304 ureters by rescuing PdfR expression in visceral muscles using UAS-PdfR
16L
, which is capable of rescuing the geotaxic defects displayed by PdfR mutants (23) and confers PDF responsiveness to neurons that do not typically respond to PDF (31) . We first used Mef2-GAL4 (Fig. 5A ) to reinstate PdfR expression in ureter muscles. The PdfR 5304 ;UAS-PdfR 16L / Mef2-GAL4 rescue line displayed a significantly higher frequency of ureter contractions than PdfR 5304 ;UAS-PdfR 16L /+ controls in the presence of 10 −6 M PDF (Fig. 5B ) (P = 0.0021), with rates approaching those of wild-type ureters. The Mef2-rescue line also displayed mean contraction rates that were higher than those of PdfR 5304 ;Mef2-GAL4/+ controls, but because of the relatively high contraction rate of a single PdfR 5304 ; Mef2-GAL4/+ preparation, this difference was not statistically significant (P = 0.0861). The 24B-GAL4 line drives expression Fig. 2 . PDF induces PdfR-dependent ureter contractions. (A) Dose-response curves for PDF on the contraction rates of male Canton S (wild-type) midguts and ureters dissected in cold Ringer's with contractions expressed as contractions per minute (cpm ± SEM). Mean basal contraction rates were 3.09 ± 1.72 cpm for the ureters and 0 ± 0 cpm for midguts. Mean contraction rates for vehicle controls were 0.60 ± 0.34 cpm for ureters and 0 ± 0 cpm for midguts. The EC 50 tubules (P = 0.0230). There was no significant difference in basal and PDF-treated contraction rates of PdfR 5304 ureters (P = 0.9340). (F) The effects of FSK on the ureters of wild-type (w 1118 ) and PdfR 5304 viscera dissected using warm HL3. Wild-type ureters responded to 10 μM FSK with a significant increase in contraction rate compared with basal rates (P = 0.013), as did the ureters of PdfR 5304 viscera (P = 0.0313). On all graphs the error bars = SEM. For A and B, significance was tested by a Mann-Whitney U test comparing the contraction rates of PDF-treated viscera to those of vehicle-treated viscera (0.1% DMSO). In D-F PDF-treated contraction rates were compared with basal rates using paired-sample Wilcoxon signed rank tests. *P < 0.05, **P < 0.01, and ***P < 0.001).
in the ureter musculature (Fig. 5C ) and the PdfR 5304 ;UASPdfR 16L /+;24B-GAL4/+ rescue line displayed a significantly higher frequency of ureter contractions than the PdfR 5304 ;;24B-GAL4/+ (P = 0.0087) and PdfR 5304 ;UAS-PdfR 16L/+ (P = 0.0032) controls in the presence of 10 −6 M PDF (Fig. 5D) . Thus, 24B-GAL4-driven PdfR expression rescued the PDF responsiveness of PdfR 5304 ureters. No such rescue was observed when UAS-PdfR
was expressed using MyoIA-GAL4, an enhancer trap for the myosin 1A gene, which is expressed in epithelial cells of the midgut and proximal tubule (36), but not in the muscles of the ureter (Fig. 5 E and F) . Thus, the GPCR required for PDF's role in central circadian timekeeping also mediates a peripheral action of this peptide.
Excitation of Visceral PDF Axons Stimulates Ureter Contractions. The lack of renal PDF innervation, together with the experiments described above, indicate that PDF from the ab-PDF neurons acts at a distance to stimulate ureter contractions. To test this model, we adapted the use of the Drosophila TrpA1 (dTrpA1) heat-sensitive channel, which renders neurons excitable by high temperature pulses (37) , to excite visceral PDF axons in explanted viscera. Heat activation of PDF-GAL4-driven dTrpA1 did not affect gut peristalsis significantly, but led to a significant increases in ureter contraction rates (Fig. 6 , and Movies S6 and S7). Because the axons of the abdominal gut-innervating PDF neurons were the only dTrpA1-expressing neurites present in this preparation, we conclude that excitation of the ab-PDF neurons is sufficient to stimulate ureter contractions without affecting midgut motility.
Discussion
Drosophila PDF and Mammalian VIP: Striking Similarities Beyond the Circadian Clock Network. Striking similarities have been found between fly PDF and mammalian VIP in the generation of daily behavioral rhythms (10, 13) . Outside the central clock, mammalian VIP and its related ligand PACAP (pituitary adenylate cyclase activating peptide) act on smooth-muscle receptors in a variety of internal organs, including those of the lower urinary tract (39-43).
Our findings of broad visceral PdfR expression and a function for PDF signaling in the regulation of visceral muscle contraction extend the similarities between these peptides and their receptors beyond the central clock. The PdfR-expressing circular muscles of 
(D and E) PdfR expression in adult Oregon-R ureters (arrows). (F)
The PdfR signal is absent in PdfR mutant adult ureters. A, C, D and F were captured using a 10× objective; B and E were captured using a 20× objective. the ureter control the flow of urine into the terminal portion of the digestive tract (29, 30) in a manner analogous to the VPAC2R + detrusor muscle of the mammalian bladder. Abnormal fluid regulation has also been described in mice lacking VIP or PACAP (40, 42, 43) , so it will be of interest to establish if PDF signaling has related in vivo roles in flies. The presence of VIP/PACAP immunoreactivity in neural fibers of the lower urinary tract of mammals suggests a local, transmitter-like action on the excretory muscle receptors (12) , and VIP is generally believed to act as a local neurotransmitter rather than as a circulating hormone (44, 45) . However, systemic effects of gut-derived VIP cannot be ruled out. Indeed, VIP plasma levels increase after an oral osmotic load or intravenous application of cholinesterase inhibitors (46, 47) . In light of our findings, which reveal a role for circulating PDF on the renal system, a possible systemic function of VIP deserves further investigation using, for example, transgenic mice lacking the peptide in specific (enteric vs. renal) neuronal populations.
What the Gut Tells the Kidney. Previous work has made use of the larger viscera of locusts or crickets to establish that some neuropeptides induce renal tubule movements (35, 48) . Our results using Drosophila indicate that renal regulators are secreted from an unexpected source, the gut-innervating ab-PDF neurons, to act as endocrine regulators of the renal muscles, which are entirely devoid of innervation (Fig. 1C and Fig. S1 ) (24) . Indeed, our dTrpA1 experiments strongly suggest that the normal ligand for visceral PdfR is released from the gut-innervating ab-PDF neurons, because the only other site of PDF production in mature adults are the clock interneurons in the brain, which are thought to be chemically insulated from the hemolymph by the blood-brain barrier (49) and were not present during our dTrpA1 excitation experiments. Consistent with this idea, extracts of the abdominal ganglia of another insect, Carausius morosus, have a potent stimulatory action on renal tubule writhing, the active factors in which were suspected to be peptides (50) .
The directionality of this endocrine signal from the gut to the renal system is unexpected and may be of relevance to mammals, where functional links between the digestive and excretory systems are well established with regard to absorption and secretion, and evidence suggests that communication between the two systems might facilitate their concerted action (44) . An enterorenal axis, whereby unidentified gut-derived signals affect kidney function ;;MyoIA-GAL4/+ (red, n = 6) and PdfR
5304
;UAS-PdfR/+ (green, n = 8) controls. There were no significant differences in ureter contraction rates between the rescue and control lines (P = 0.2403 for GAL4 control and P = 0.0597 for UAS control). There was a significant difference in contraction rate between the GAL4 control and the UAS control (P = 0.0051). (Scale bars, 50 μm in A, C, and E.) Black triangles in B, D, and F represent the frequency of ureter contractions displayed by wild-type Canton S ureters in the presence of 10 −6 M PDF. For ease of comparison, the same data for PdfR/UAS-PdfR controls (n = 8) were included on all three histograms. *P < 0.05; **P < 0.01. Fig. 6 . TrpA1-mediated excitation of ab-PDF neuron axons induces ureter contractions. Following 5 min of incubation at high temperature (31°C), the contraction rates of explanted midguts (A) or hindguts (B) were not significantly different between w; PDF-GAL4/+;UAS-dTrpA1/+ and GAL4/+ or UAS/+ controls (for midguts, Friedman rank sum test, P = 0.004, asymptotic general independence test, P = 0.9, n = 20; for hindguts, Friedman rank sum test, P = 0.002, asymptotic general independence test, P = 0.02, pair-wise comparisons P = 0.02 compared with GAL4 control, P = 0.3 compared with UAS control, P = 0.4 between controls, n = 20). (C) The same conditions led to a significant increase in the contraction rate of ureters in w; PDF-GAL4/+;UAS-dTrpA1/+ (Friedman rank sum test, P < 0.001, asymptotic general independence test, P < 0.001, pair-wise comparisons P < 0.001 compared with GAL4 control, P < 0.001 compared with UAS control, P = 0.4 between controls, n = 20). Full genotypes are as follows: w;PDF-GAL4/+;UAS-dTrpA1/+ (PDF > dTrpA1); w;PDF-GAL4/+ (PDF-GAL4) and w;; +/UAS-dTrpA1 (UAS-dTrpA1). *P < 0.05; ***P < 0.001.
directly, has recently been proposed on the basis of two observations: the activity of duodenal mucosa homogenates on kidney ion secretion and the differential effect of intravenously versus orally administered sodium loads on renal sodium excretion (44) . In summary, our findings indicate a role for PDF in the control of visceral physiology in the fly, thereby extending the similarities between fly PDF and mammalian VIP beyond their shared role in circadian timekeeping. These findings have also revealed a peptidergic enterorenal axis in Drosophila, the evolutionary conservation and significance of which deserves further investigation.
Methods
Fly Stocks and Rearing. A detailed list of fly stocks and a description of fly rearing conditions are described in SI Methods.
Imaging, Anatomy, and Physiology. Detailed methods for all imaging, anatomical, and physiological experiments are described in SI Methods.
Citations relevant to fly stocks and experimental methods are listed in SI Methods.
